Although an excitotoxic mechanism of neuronal injury has been proposed to play a role in chronic neurodegenerative disorders such as Alzheimer's disease, and neurotrophic factors have been put forward as potential therapeutic agents, direct evidence is lacking. Taking advantage of the fact that mutations in the presenilin-1 (PS1) gene are causally linked to many cases of early-onset inherited Alzheimer's disease, we generated PS1 mutant knock-in mice and directly tested the excitotoxic and neurotrophic hypotheses of Alzheimer's disease. Primary hippocampal neurons from PS1 mutant knock-in mice exhibited increased production of amyloid ␤-peptide 42͞43 and increased vulnerability to excitotoxicity, which occurred in a gene dosage-dependent manner. Neurons expressing mutant PS1 exhibited enhanced calcium responses to glutamate and increased oxyradical production and mitochondrial dysfunction. Pretreatment with either basic fibroblast growth factor or activity-dependent neurotrophic factor protected neurons expressing mutant PS1 against excitotoxicity. Both basic fibroblast growth factor and activity-dependent neurotrophic factor stabilized intracellular calcium levels and abrogated the increased oxyradical production and mitochondrial dysfunction otherwise caused by the PS1 mutation. Our data indicate that neurotrophic factors can interrupt excitotoxic neurodegenerative cascades promoted by PS1 mutations.
Excessive activation of excitatory amino acid receptors, resulting in cytoplasmic calcium overload and oxyradical production, has been implicated in the neuronal death process that occurs in a variety of pathological settings, including Alzheimer's disease (AD; refs. 1-3). Age-related factors that may predispose neurons to excitotoxicity in AD include reduced energy availability (4, 5) , increased accumulation of neurotoxic forms of amyloid ␤-peptide (A␤; refs. 6 and 7), and increased levels of oxidative stress (8) (9) (10) . Some cases of AD are characterized by an early age of onset and a dominant inheritance pattern (11) . Mutations in the gene encoding presenilin-1 (PS1) on chromosome 14 are responsible for many cases of early-onset autosomal dominant inherited AD, and mutations in a homologous gene on chromosome 1 (presenilin-2) account for a smaller fraction of familial AD cases (11) (12) (13) (14) . Presenilins are integral membrane proteins that are widely expressed in neurons throughout the brain, wherein they are localized mainly in the endoplasmic reticulum (15) (16) (17) . Overexpression of mutant PS1 in cultured cells and transgenic mice causes altered proteolytic processing of the amyloid precursor protein (APP), resulting in increased production of a neurotoxic form of A␤ (A␤ 1-42; refs. [18] [19] [20] , and decreased levels of a neuroprotective secreted form of APP (21, 22) . Overexpression of presenilin mutations in cultured cells results in increased vulnerability of the cells to apoptosis induced by trophic factor withdrawal, A␤, and metabolic insults (22) (23) (24) (25) (26) (27) (28) . It is not known whether presenilin mutations similarly endanger primary neurons, nor whether the mutations sensitize neurons to excitotoxicity.
Because of their ability to promote neuronal survival and to protect neurons against various insults, neurotrophic factors have been put forward as potential therapeutic agents in neurodegenerative disorders (29) (30) (31) (32) (33) . Recent studies have identified basic fibroblast growth factor (bFGF) and activity-dependent neurotrophic factor (ADNF) as two factors that can protect a wide range of neuronal populations against insults relevant to the pathogenesis of AD, including exposures to excitotoxins (34) (35) (36) (37) , A␤ (38) (39) (40) , and oxidative insults (41, 42) . The mechanisms whereby bFGF protects neurons include stabilization of calcium homeostasis and suppression of oxidative stress, and may involve modulation of expression of calcium-regulating proteins and antioxidant enzymes (43, 44) . The neuroprotective action of ADNF appears to involve activation of NF-B (42), a transcription factor previously shown to mediate anti-apoptotic and antiexcitotoxic actions in cultured hippocampal neurons (45, 46) . Although neurotrophic factors can protect neurons against insults relevant to AD, it is not known whether they can counteract the adverse effects of genetic mutations that cause AD. We now report that bFGF and ADNF can protect primary hippocampal neurons against the excitotoxicity-enhancing action of a PS1 mutation.
MATERIALS AND METHODS
Generation and Characterization of PS1 Mutant Knock-in Mice. The targeting strategy and methods for generating knock-in mice expressing the human AD-linked M146V mutation are detailed elsewhere (47) . The assembled vector was linearized with PvuI and electroporated into 129͞Sv-derived R1 embryonic stem cells (48) . Genomic DNA was isolated from 250 clones surviving double selection, digested with HindIII and BglI, and analyzed by Southern blot using a 600-bp HindIII-HpaI 5Ј-probe. Nineteen of the clones produced the expected HindIII and BglI polymorphisms, and 4 of the 19 targeted cell lines (19, 106, 157, 179) were injected into recipient blastocysts and transferred to foster mothers to produce male chimeras which were then mated with C57BL͞6 females to produce heterozygous PS1 mv(Ϯ) mice (129͞Sv ϫ C57BL͞6 F 1 s). Our studies employed mice derived from either cell line 106 or 179. Tail DNA samples were used for genotyping in a PCR assay that employed two PCR primers (AGGCAGGAAGATCACGTGTTCAAGTAC-3Ј and 5Ј-CACACGCACACTCTGACATGCACAGGC-3Ј) to amplify genomic DNA sequences flanking exon 5 prior to digestion of the amplified DNA with the restriction enzyme BstEII. The fulllength PCR product is 530 bp, and the product sizes for the wild-type and targeted allele (PS1 mv) following BstEII enzyme digestion are 530 and 350͞180 bp, respectively.
Quantification of Levels of A␤1-40 and A␤1-42. A␤1-40 and A␤1-42 levels in brain tissue from wild-type and PS1M146VKI heterozygous and homozygous mice were measured using a fluorescence-based sandwich ELISA using antibodies specific for A␤1-40 and A␤1-42 (QCB, Hopkinton, MA). Individual brains were homogenized in 2 ml of 70% formic aid. The homogenates were centrifuged for 1 h at 100,000 ϫ g and the supernatant was collected and neutralized with 1 M Tris base (20-fold dilution). A 100-l neutralized sample was then mixed with 50 l of phosphate-buffered Tween (PBT; 0.02% KCl, 0.02% KH 2 PO 4 , 0.8% NaCl, 0.216% Na 2 HPO 4 ⅐7H 2 O, 5% BSA, 0.03% Tween-20; pH 7.4) and analyzed by ELISA. Fluorescence was quantified with a fluorescence plate reader with excitation at 460 nm and emission at 560 nm. Standard curves were generated using synthetic A␤1-40 and A␤1-42.
Hippocampal Cell Cultures and Quantification of Neuronal Survival. Dissociated hippocampal cell cultures were prepared from postnatal day 1 mice and were maintained using methods similar to those described previously (9, 34, 47) . Experiments were performed in 8-day-old cultures. More than 90% of the cells in these cultures were neurons. Immediately prior to experimental treatment, the medium was replaced with Locke's buffer (NaCl, 154 mM; KCl, 5.6 mM; CaCl 2 , 2.3 mM; MgCl 2 , 1.0 mM; NaHCO 3 , 3.6 mM; glucose, 5 mM; Hepes, 5 mM; pH 7.2). bFGF (Boehringer Mannheim) was prepared as a 1000ϫ stock in Locke's buffer, and was stored at Ϫ80°C. ADNF9 (the nonapeptide SALLRSIPA; Molecular Genetics) was prepared as a 100ϫ stock in Locke's buffer and stored at room temperature. Glutamate was prepared as a 10 mM stock in Locke's solution (pH 7.2). The method for quantification of neuron survival in hippocampal cell cultures was performed as described previously (34, 46, 47) .
Measurement of Intracellular Calcium Levels. Cytoplasmic free calcium levels were quantified by fluorescence ratio imaging of the calcium indicator dye fura-2 using methods described previously (25, 38) . Briefly, cells were loaded with the acetoxymethyl ester form of fura-2 (30-min incubation in the presence of 10 M fura-2) and imaged using a Zeiss AttoFluor system with a 40ϫ oil-immersion objective. The average [Ca 2ϩ ] i in individual neuronal cell bodies was determined from the ratio of the fluorescence emissions obtained using two different excitation wavelengths (334 nm and 380 nm). The system was calibrated using solutions containing either no Ca 2ϩ or a saturating level of Ca 2ϩ (1 mM) using the formula: [Ca 2ϩ ]
Measurements of Cellular Peroxides, Mitochondrial Reactive Oxygen Species (ROS), and Membrane Lipid Peroxidation. Peroxide levels were measured by confocal microscope analysis of cellular dichlorofluorescein (DCF) fluorescence as described previously (44) . The dye dihydrorhodamine 123, which enters mitochondria and fluoresces when oxidized by ROS (principally peroxynitrite) to the positively charged rhodamine 123 derivative, was used to quantify levels of mitochondrial ROS using methods described previously (46) . The thiobarbituric acid reactive substances fluorescence method was used to measure levels of membrane lipid peroxidation as described previously (49) .
Assessments of Mitochondrial Functional Parameters. Levels of 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction to formazan dye crystals in cells, a measure of mitochondrial respiratory chain activity and mitochondrial redox state were quantified as described previously (50) . Briefly, MTT solution (5 mg͞ml) was added to cultures and incubated for 1 h.
Cells were then washed three times in Locke's solution and solublized in dimethyl sulfoxide, and absorbance (592 nm) was quantified by using a plate reader. The dye rhodamine 123 (Molecular Probes) was employed as a measure of mitochondrial transmembrane potential using methods described previously (47, 50) .
Western Blot Analysis. Relative levels of PS1 protein in brain tissue from neonatal mice were characterized by Western blot analysis using methods similar to those described previously (25, 51) . Briefly, proteins were separated by electrophoresis through an SDS͞polyacrylamide gel and then transferred to a sheet of Immobilon-P. The membrane was then probed with ␣PS1 loop antiserum (51) .
RESULTS
Characterization of PS1 M146V Knock-in Mice and Assessment of A␤ Production. PS1 mutant knock-in mice were generated by targeting the M146V mutation to the third coding exon (exon 5) of PS1 (47) . The distribution of genotypes among the progeny of intercrossed PS1M146V͞wild-type heterozygotes appears to be normal and we have not observed any lethality in homozygous PS1M146VKI mice. RT-PCR, Northern blot, and Western blot analyses indicated that the targeted allele produces a properly spliced cDNA transcript and that relative expression levels of PS1 mRNA and protein are similar in wild-type and PS1M146VKI mice (47) . Homozygous PS1M146VKI mice (up to 16 months of age) have not exhibited any signs of an overt phenotype, demonstrating that the targeted M146V mutation does not dramatically impair the normal developmental and physiological functions of PS1 (52, 53) . These findings are consistent with data showing that ectopic expression of human PS1 protein (with familial AD mutations) in mice can fully suppress the PS1 null phenotype (54, 55) .
In light of prior studies demonstrating increased levels of A␤1-42 in brain tissue from PS1 mutant transgenic mice (19, 20) , we quantified levels of A␤1-40 and A␤1-42 in brain tissue from young (1-to 4-month-old) wild-type mice and heterozygous and homozygous PS1M146VKI mice. A␤1-40 levels were (pmol͞g wt͞wt): wild-type, 2.63 Ϯ 0.10; PS1M146VKI heterozygous, 2.68 Ϯ 0.13; and PS1M146VKI homozygous, 2.88 Ϯ 0.16. A␤1-42 levels were (pmol͞g wt͞wt; n ϭ 5-8 mice): wild-type, 0.76 Ϯ 0.06; PS1M146VKI heterozygous, 1.14 Ϯ 0.08 (P Ͻ 0.05); and PS1M146VKI homozygous, 1.38 Ϯ 0.07 (P Ͻ 0.01). A␤1-42͞ A␤1-40 ratios were: wild-type, 0.289; PS1M146VKI heterozygous, 0.396 (P Ͻ 0.05); and PS1M146VKI homozygous, 0.515 (P Ͻ 0.01).
Mutant PS1 Increases Neuronal Vulnerability to Excitotoxicity: Protection by bFGF and ADNF. Primary neurons in hippocampal cultures established from postnatal day 1 wild-type and PS1M146VKI mice maintained viability for at least 2 wk, with no apparent adverse effect of the PS1 mutation on long-term survival during this time period in culture (data not shown). Exposure of hippocampal cultures from wild-type mice to 50 M glutamate resulted in death of approximately 40% of the neurons during a 24-h exposure period (Fig. 1) . In contrast, exposure of hippocampal cultures from homozygous PS1M146VKI mice to the same concentration of glutamate resulted in massive neuronal death, such that approximately 80% of the neurons were dead within 24 h (Fig. 1) . Neurons from heterozygous PS1M146VKI mice also exhibited increased vulnerability to glutamate toxicity (values for survival 24 h following exposure to 50 M glutamate were: cultures from wild-type mice, 57 Ϯ 4%; cultures from heterozygous PS1M146VKI mice, 31 Ϯ 3%; P Ͻ 0.01, n ϭ 4). The morphological manifestations of glutamate neurotoxicity were essentially the same as those described previously (34, 43) , and included neurite fragmentation and cell-body swelling and vacuolation (Fig. 1a) . There was a leftward shift in the concentrationeffect curve for PS1M146VKI neurons compared with wild-type neurons (Fig. 1b) such that approximately 40% of PS1M146VKI neurons were killed by a concentration of glutamate (10 M) that was essentially nontoxic to wild-type neurons (Fig. 1b) . The time course of neuronal death was also shifted to the left in cultures of PS1M146V hippocampal cells compared with cultures of wild-type hippocampal cells, such that over 50% of PS1M146VKI neurons were killed within 8 h of exposure to 100 M glutamate, compared with less than 20% neuronal death in wild-type cultures ( Fig. 1 c and d) . Pretreatment of wild-type and PS1M146V mouse hippocampal cultures with bFGF (10 ng͞ml) or ADNF9 (0.1 pM) for 24 h prior to exposure to glutamate resulted in significant decreases in neuronal death in both wild-type and PS1M146VKI cultures (Fig.  1) . Concentration-effect and time-course curves revealed that both bFGF and ADNF9 shifted the curves to the right. However, the level of glutamate-induced neuronal death in bFGF-and ADNF9-treated cultures was greater in PS1M146VKI cultures than in wild-type cultures (Fig. 1 b-d) ] i was similar in neurons from wild-type and PS1M146VKI mice. In contrast, both the peak and sustained components of the glutamate-induced [Ca 2ϩ ] i increase were significantly greater in neurons from the PS1M146VKI mice compared with the wild-type mice (Fig. 2) . In cultures of wildtype or PS1M146VKI neurons pretreated with either bFGF or ADNF9, both the peak and sustained increases of [Ca 2ϩ ] i were significantly reduced compared with cultures not pretreated with a trophic factor (Fig. 2) .
The excitotoxic mechanism involves excessive calcium influx, which leads to increased levels of oxidative stress and subsequent cell damage and death (44) . Glutamate induced a progressive increase in levels of DCF fluorescence (a measure of peroxide levels), the magnitude of which was significantly greater in PS1M146VKI neurons than in wild-type neurons (Fig. 3 a and b) . The glutamate-induced increase of DCF fluorescence occurred in neurites as well as in the cell body. Pretreatment with either bFGF or ADNF9 significantly attenuated the glutamate-induced increase of DCF f luorescence in both wild-type and PS1M146VKI neurons (Fig. 3 a and b) . Glutamate induced increases in levels of mitochondrial ROS (dihydrorhodamine 123 fluorescence; Fig. 3c ) and membrane lipid peroxidation (thiobarbituric acid reactive substances fluorescence; Fig. 3d ) which were significantly greater in PS1M146VKI neurons than in wildtype neurons. Pretreatment with either bFGF or ADNF9 significantly attenuated the glutamate-induced increases of mitochondrial ROS and lipid peroxidation in neurons from both wild-type and PS1M146VKI mice ( Fig. 3 c and d) . (4), and occurs during the process of excitotoxic neuronal injury (56) . Therefore, we quantified levels of MTT reduction (a measure of mitochondrial energy charge͞redox state) and rhodamine 123 fluorescence (a measure of mitochondrial transmembrane potential) in hippocampal neurons from wild-type and PS1M146VKI mice following exposure to glutamate. Glutamate caused a 50% decrease in the level of MTT reduction in wild-type neurons, and a significantly greater (80%) decrease in the level of MTT reduction in PS1M146VKI neurons (Fig. 4a) . Both bFGF and ADNF9 significantly attenuated the decreases in MTT reduction in both wild-type and PS1M146VKI neurons (Fig. 4a) . Glutamate caused a 40% decrease in the level of rhodamine 123 fluorescence in wild-type neurons, and a significantly greater (75%) decrease in the level of rhodamine 123 fluorescence in PS1M146VKI neurons (Fig. 4b) . Both bFGF and ADNF9 significantly attenuated the decreases in rhodamine 123 fluorescence in both wild-type and PS1M146VKI neurons (Fig. 4b) .
Enhanced Mitochondrial Dysfunction Following Exposure to Glutamate in Neurons Expressing

DISCUSSION
Previous studies have shown that bFGF (34, 35, 38) and transforming growth factor-␤ (57, 58) can protect cultured hippocampal neurons against death induced by A␤ and metabolic and oxidative insults. Our data provide evidence that neurotrophic factors can interrupt the neurodegenerative cascade promoted by PS1 mutations. Both bFGF and ADNF9 greatly reduced the level of neuronal death following exposure of cultures from PS1M146VKI mice to glutamate. bFGF and ADNF9 also suppressed both the increased oxyradical production, and the mitochondrial dysfunction caused by glutamate and exacerbated by mutant PS1. The neuroprotective mechanisms of bFGF and ADNF9 appear to involve stabilization of cellular calcium homeostasis and enhancement of antioxidant defense systems. As evidence, we found that both the peak and sustained [Ca 2ϩ ] i responses to glutamate were suppressed in neurons pretreated with bFGF and ADNF9, and that levels of glutamate-induced ROS were also suppressed in neurons pretreated with each trophic factor. It was previously shown that bFGF pretreatment can suppress calcium responses to glutamate, possibly by altering the expression of glutamate receptor proteins and calcium binding proteins (34, 43, 59) . In rat hippocampal cultures, bFGF treatment increased levels of Cu͞Zn-SOD and glutathione reductase (44), whereas ADNF9 induced activation of the transcription factor NF-B (42), which has been linked to increased expression of Mn-SOD (46) . The improved mitochondrial function of trophic-factor-treated hippocampal neurons expressing mutant PS1 following exposure to glutamate is likely to contribute to enhanced cell survival because mitochondrial alterations are now recognized as playing pivotal roles in the cell death process. The potential for neurotrophic factor therapy to retard the neurodegenerative process in AD patients is currently being pursued in patients with sporadic AD (60, 61) . The present data suggest the possibility that neurotrophic factors may also reduce neuronal degeneration in early-onset familial AD resulting from PS1 mutations. The increased vulnerability to excitotoxicity of hippocampal neurons expressing a PS1 mutation provides direct evidence that this mutation can endanger neurons, and suggests a role for excitotoxicity in the pathogenesis of a familial form of AD. Previous indirect evidence for a role for excitotoxicity in AD includes: insults believed relevant to AD (e.g., exposure to A␤, or metabolic and oxidative insults) can increase neuronal vulnerability to excitotoxicity (6-10, 35, 41); neuronal populations vulnerable to AD express high levels of glutamate receptors (62); exposure of hippocampal neurons to excitotoxic and metabolic insults induces several alterations in cytoskeleton similar to those seen in neurofibrillary tangles in AD (7, 35, (63) (64) (65) (66) (67) ; and primary hippocampal neurons are more vulnerable than tumor cell lines to A␤ and oxidative insults, and expression of glutamate receptors appears to be a major factor in this increased vulnerability (5) (6) (7) (8) (9) (10) 68) . Our data provide direct support for the hypothesis that activation of glutamate receptors contributes to the neurodegenerative process in AD. We recently found that hippocampal neurons from PS1M146VKI mice are more vulnerable to apoptosis induced by A␤ (69) . When considered together with the compelling evidence that PS1 mutations alter APP processing so as to increase A␤1-42 production (18) (19) (20) , our data suggest that PS1 mutations promote a cascade of events involving increased vulnerability of neurons to A␤ and excitotoxicity. The collective findings suggest a scenario in which PS1 mutations exert two adverse effects that promote a degenerative cascade involving both A␤ and activation of glutamate receptors. The increased A␤1-42 that results from PS1 mutations may disrupt calcium regulation and render neurons vulnerable to excitotoxicity. Alternatively, PS1 mutations may more directly perturb calcium homeostasis (25, 27) and thereby render neurons vulnerable to A␤ toxicity and excitotoxicity. Based upon the available data, it seems most likely that the adverse effects of PS1 mutations on A␤ production and calcium homeostasis work in concert in a cyclic cascade in which A␤ perturbs calcium homeostasis and perturbed calcium homeostasis alters APP processing. Therefore, our data argue for an important role for activation of glutamate receptors in the pathogenic mechanism of PS1 mutations, which may be mechanistically linked to the amyloid hypothesis of AD. . ‫,ء‬ P Ͻ 0.01 compared with the value for WTPS1 cells exposed to glutamate. ‫,ءء‬ P Ͻ 0.01 compared with the value for WTPS1 cells exposed to glutamate alone. ‫,ءءء‬ P Ͻ 0.01 compared with the corresponding value for WTPS1 cells and to the value for PS1M146VKI cells exposed to glutamate alone. Probability values were determined by ANOVA with Scheffe's post hoc tests.
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Neurobiology: Guo et al. Proc. Natl. Acad. Sci. USA 96 (1999) We found that the A␤1-42 to A␤1-40 ratio in brain tissue from heterozygous PS1M146VKI mice was greater than in wild-type mice but less than in homozygous PS1M146VKI mice, and that hippocampal neurons from heterozygous PS1M146VKI exhibit a level of vulnerability to glutamate toxicity that is intermediate to those from wild-type and heterozygous PS1M146VKI mice. Our data on altered APP processing suggest a gene-dosage-dependent gain-of-function of mutated PS1, and are consistent with a previous study showing that the magnitude of increase in A␤1-42 levels is correlated with the magnitude of mutant PS1 transgene overexpression in transgenic mice (20) . The gene-dosage effect on neuronal vulnerability to excitotoxicity further suggests a gain-of-function action of the PS1 mutations in promoting neuronal degeneration. Importantly, the present findings demonstrate adverse effects of PS1 mutations when expressed at normal physiological levels and in the heterozygous state, indicating that prior data in studies of transfected cell lines and transgenic mice were not the result of nonspecific effects of PS1 overexpression.
The mechanism whereby PS1 mutations increase neuronal vulnerability to excitotoxicity appears to involve enhanced calcium responses to glutamate and increased oxidative stress and mitochondrial dysfunction. Whereas basal [Ca 2ϩ ] i was not different in wild-type and PS1M146VKI neurons, both the peak and sustained levels of [Ca 2ϩ ] i were greatly increased in the neurons expressing mutant PS1. It has been reported that PC12 cells overexpressing PS1 mutations exhibit altered calcium regulation in the endoplasmic reticulum, which appears to contribute to their increased vulnerability to apoptosis induced by A␤ (23, 25, 27) . We have found that hippocampal neurons from PS1M146VKI mice are more vulnerable to disruption of calcium homeostasis and apoptosis induced by A␤ (69) . Because calcium influx through N-methyl-D-aspartate receptors and voltage-dependent calcium channels is a trigger that initiates the excitotoxic process, an exacerbation of the disruption of endoplasmic reticulum calcium homeostasis may play a role in the increased sensitivity of neurons expressing mutant PS1 to excitotoxicity.
Levels of peroxides, mitochondrial ROS, and membrane lipid peroxidation were increased following exposure to glutamate in hippocampal neurons expressing mutant PS1 compared with wild-type neurons. These findings suggest a widespread exacerbation of oxidative stress in neurons expressing mutant PS1, which would be expected to damage proteins, nucleic acids, and membrane lipids. Greater oxidative stress would be expected to promote excitotoxic cascades by impairing the function of ionmotive ATPases, which results in membrane depolarization and increased calcium influx through the N-methyl-D-aspartate receptor (9, 10). In addition, membrane lipid peroxidation has been shown to impair glucose transport and reduce ATP levels in cultured hippocampal neurons (5), which would further impair ATP-dependent calcium-regulating systems and promote excitotoxicity. Hippocampal neurons expressing the M146V PS1 mutation exhibited greater decreases in MTT reduction and mitochondrial transmembrane potential following glutamate exposure compared with wild-type neurons, which is consistent with a role for impaired mitochondrial function in the endangering action of PS1 mutations (28) .
PS1M146VKI mice lack endogenous wild-type PS1 and yet show no overt phenotype, strongly suggesting that the mutant PS1 protein can substitute for wild-type PS1 in regulating developmental processes such as determination of cell fate (52) (53) (54) (55) . Hippocampal neurons from the PS1M146VKI mice did not undergo spontaneous cell death under the culture conditions employed (i.e., during the first 8 days in culture), but nevertheless exhibited a dramatically increased vulnerability to excitotoxicity. The collective data therefore indicate that PS1 mutations, though not affecting brain development or function under normal conditions, may render neurons vulnerable to age-related stressors such as reduced energy availability and increased levels of oxidative stress.
